Due environmental problems related to Portland cement consumption, many studies have been performed to diminish its use. One solution is the development of alkali-activated binders, which can decrease CO 2 emissions and energy consumption by 70% when compared to Portland cement production. In addition, an alkali-activated binder presents mechanical properties similar to Portland cement mixtures, which turns into an interesting material in civil construction. Aluminosilicate-based materials are important raw materials to produce the alkali-activated binders. Therefore, two residues are presented as an aluminosilicate source in this study: fly ash (FA) and sugarcane bagasse ash (SCBA). Both residues were obtained from a combustion process to generate energy, the former from coal and the latter from the bagasse of the sugarcane industry. In addition, the alkaline activating solution is an important factor to achieve improved mechanical properties. In this context, this study investigated the influence of four different SiO 2 /K 2 O molar ratios (0, 0.36, 0.75 and 1.22) in the activating solution with a constant water content, and three FA/SCBA binder proportions (75/25, 50/50 and 25/75). Microstructural characterization was carried out by X-ray diffraction, Fourier transform infrared spectroscopy, thermogravimetric analysis, scanning electron microscopy, mercury intrusion porosimetry, pH and electrical conductivity measurements to study the evolution of the reaction process. The compressive strength of mortars was assessed in order to determine the optimum SiO 2 /K 2 O molar ratio and FA/SCBA ratio. The tests showed that a SiO 2 /K 2 O molar ratio of 0.75 and FA/SCBA proportion of 75/25 provided the best mechanical properties.
INTRODUCTION
New materials are being researched worldwide in order to reduce Portland cement consumption. Three main problems are related to the production process of Portland cement: the emission of CO 2 (this hydraulic binder is responsible for 5-8% of global greenhouse gas emissions) [1] , energy requirements, and the use of non-renewable materials. In this context, alkali-activated binders (also called geopolymers or inorganic polymers) appear to be an interesting solution in terms of abovementioned problems. An alkali-activated binder is a well-cemented composite obtained through the chemical reaction between an aluminosilicate source with an amorphous structure and a highly concentrated alkaline solution [2, 3] . The product formed from this reaction is a three-dimensional tetrahedral structure of aluminate and silicate, where the alkali metal from the solution balances the global negative charge from Al 3+ four-fold oxygen coordination [4] .
When the production of Portland cement is compared to that of alkali-activated binders, several environmental advantages are highlighted. In terms of gas emissions, the production of one ton of Portland cement clinker releases 0.8 tons of CO 2 into the atmosphere [5] , whereas some alkali-activated binders emit only 0.184 tons of the greenhouse gas to produce the same amount of binder [6] ; this represents a reduction of over 70% [7] . In terms of energy requirements, alkali-activated binders require 70% less when compared to Portland cement [8] . The most interesting aspect of alkali-activated binders is that the aluminosilicate sources that have been researched are usually residues [9, 10] , whereas one ton of Portland cement requires 2.8 tons of non-renewable raw material (clay and calcium carbonate, among others) [11] . In addition to the environmental advantages, the technological benefits of alkali-activated binders are their high compressive strength and durability, which are similar to or better than the characteristics of Portland cement [12] .
Several aluminosilicate sources are being studied to produce alkali-activated binders such as fly ash from thermoelectric power plants [10, 13] , metakaolin [14] , spent fluid catalytic cracking catalysts [9] , blastfurnace slag [15] and others. In addition, residues from the agroindustry are being researched in alkaliactivated binders, such as rice husk ash [16] . Recently, interesting studies have been carried out on binary systems (the presence of two aluminosilicate sources in the mixture as mineral precursors) to improve the mechanical properties of a single-precursor binder; good cementing materials have been produced from these mixtures [17] [18] [19] . In this context, this study investigated a binary system consisting of fly ash/sugarcane bagasse ash (FA/SCBA) as an aluminosilicate source for alkali-activated binder production. Both fly ash (FA) and sugarcane bagasse ash (SCBA) are residues of energy generation, the former from coal combustion and the latter from bagasse combustion. Due to the available amount of those residues, civil construction appears to be a suitable choice to valorize these wastes.
Fly ash generation is estimated at over 500 million tons per year [20] . This waste is used to partially replace Portland cement as a pozzolanic material [21] , and studies on alkali-activated binders are being carried out [22] . On the other hand, one problem related to sugarcane bagasse ash is its increased production in Brazil. Sugarcane production has expanded by 154% in the last 15 years in this country, reaching 654 million tons in 2014 [23] . Bagasse represents one quarter of sugarcane mass [24] , and 80%
of this by-product is burned in order to generate energy [25] . After the burning process, approximately 2.5% (by mass) of the bagasse remains as ashes, called sugarcane bagasse ash [26] . Nowadays, this waste is being researched as a pozzolanic material [27] , but there are fewer studies on its use in alkali-activated binders [28, 29] .
In general terms, the alkaline activation of fly ashes requires the use of high waterglass and sodium hydroxide concentrated solutions. Typically, the sodium concentration is in the range of 10-15 M to obtain suitable compressive strength development [30] . The partial replacement of FA by SiO 2 -rich pozzolans could improve the hardening process of fly ashes in the alkali-activation process [31] . Then, under these conditions, the concentration of the activator could be reduced, with corresponding savings in expensive reagents used for preparing these mixtures. With this purpose, we present here the role of SCBA in FA alkali-activated systems.
In this paper, alkali-activated binders were obtained from a binary system of FA/SCBA as the aluminosilicate source, activated by a solution of potassium hydroxide and potassium silicate. This study was carried out in two sections: in the first part, the influence of the SiO 2 /K 2 O molar ratio to select the optimum solution was assessed, and in the second part, different proportions of FA/SCBA were assessed in order to achieve the best mechanical performance. Evolution of the reaction process was assessed in pastes by Fourier transformed infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray diffraction (XRD), pH/electrical conductivity measurements and mercury intrusion porosimetry (MIP).
The compressive strength test for mortars was performed in order to select the optimum SiO 2 /K 2 O molar ratio in the solution and the optimum FA/SCBA proportion in the binder.
MATERIALS AND METHODS

Materials
Fly ash (FA) was supplied by Infraestructuras Balalva, Spain. This ash was ground in an industrial ball mill for 10 hours in order to enhance its reactivity. Sugarcane bagasse ash (SCBA) was taken from a settling lagoon at Destilaria Generalco S/A, close to General Salgado, Brazil. In this factory, the bagasse was burnt to obtain energy, and the ash generated was collected using a scrubber. The resulting suspension was mixed with water from sugarcane washing, and afterwards it was poured into the lagoon.
The settled solids were retrieved from the lagoon. Afterwards, the sugarcane bagasse ash was dried at 105°C and milled for 20 minutes in a ball mill in order to increase its reactivity [28] . This original ash (non-calcined ash), in a first approach, was tested for preparing geopolymeric mixtures. However, some problems in setting and hardening were observed, since the residue presents a high amount of organic matter [28] . Thus, in order to remove it, the original ash was calcined at 650°C for 2 hours. Then, the obtained calcined ash was used for geopolymeric mixtures (named SCBA for the rest of the manuscript).
The chemical compositions of FA and SCBA are shown in Figure 2 . SCBA particles (Figure 2a and Figure 2b ) had an irregular shape, but some particles showed a specific shape (prismatic, see Figure 2a ) [32] . Fly ash (Figure 2c and Figure 2d ) presented as spherical particles, although some irregular particles were produced during the milling process. 
Preparation of alkali-activated binders
Studies on alkali-activated binders were performed in two sections. In the first part of the study (Section 1), the SiO 2 /K 2 O molar ratio in the solution was varied in order to identify the optimum value, and the FA/SCBA proportion was held constant at 50/50 by mass. In the second part of the study (Section 2), only this optimized solution was used, and the FA/SCBA proportion was varied in order to achieve the best mechanical properties. In both studies, tests were carried out on pastes and mortars. The H 2 O/K 2 O molar ratio was held constant at 13.89 and the water/binder (as the sum of FA and SCBA) ratio was 0.45.
For mortars, sand was used at a sand/binder ratio of 3/1 by mass. Table 2 summarizes the alkali-activated binders studied in each section. The specimens were named according to the solution used (S1, S2, S3 and S3) and the FA/SCBA proportion (75/25, 50/50 and 25/75).
In the preparation of paste and mortar specimens, the alkaline activators (potassium hydroxide and potassium silicate) were dissolved in the water and the binder (FA/SCBA) was added to the solution, then allowed to reach room temperature. For mortars, the binder was mixed with the alkaline solution for 4 minutes and then sand was added to the paste, followed by mixing for more 3 minutes. The fresh mortar was vibrated for 1 minute in a prismatic mold (40 x 40 x 160 mm³) and sealed with plastic film.
Afterwards, some molds were stored at room temperature (20ºC) and others in a thermal bath (65°C) at a relative humidity (RH) higher than 95%. Specimens were demolded after 24 hours at room temperature and after 4 hours for thermal bath, then returned to their respective curing conditions until testing. The pastes were cured under the same curing conditions as the mortars. 
Tests carried out on alkali-activated pastes and mortars
Pastes were used in order to assess the reaction evolution of alkali-activated binders. The following experimental techniques were used: thermogravimetric analysis (TGA), X-ray diffraction (XRD) and pH/electrical conductivity measurements (in both Section 1 and Section 2), Fourier transform infrared spectroscopy (FTIR) and mercury intrusion porosimetry (MIP) (only in Section 2).
TGA was carried out in a Mettler-Toledo TGA 85 thermobalance, where the DTG curve was obtained from 35 to 550°C at a heating rate of 10°C/min under an N 2 atmosphere (75 mL/min gas flow).
Aluminum sealed crucibles (100 µL) with a pinholed lid were used. X-ray diffraction studies were assessed using a Bruker AXS D8 Advance diffractometer in the 2θ range of 5-70°, using Cu-Kα radiation the studies in Section 1, pastes were studied after 3 and 7 days of curing at 65°C, whereas for Section 2, samples were assessed after 7, 28, 90 and 270 days of curing at room temperature, and after 3 and 7 days of curing at 65°C.
Mortar specimens were evaluated by compressive strength tests following the procedures from UNE-EN 196-1 [33] and by the MIP test. The compressive strength value was an average of five specimens, since the sixth was used in the MIP test. Tests were performed after 3 and 7 days of curing at 65°C (for both Section 1 and Section 2), and after 7, 28 and 270 days of curing at room temperature (only for Section 2).
RESULTS AND DISCUSSION
The tested fly ash could not be properly activated using typical alkaline solutions (e.g. H 2 O/M 2 O molar ratio of 11.11-13.89, mixes of MOH and waterglass, M=Na, K), either at room temperature or at 65ºC after 24 hours of curing. The partial replacement of FA by non-calcined SCBA (original ash) did not allow for hardening under these conditions. Only following the removal of the organic matter in SCBA by calcining it at 650ºC were the FA/SCBA mixtures able to harden at room temperature. Certainly, the organic compounds present in the as-received SCBA delayed the formation of gels in the alkaline activation reaction. This is the reason why, in this report, calcined SCBA was used as the raw material. Figure 3 shows the results of the compressive strength tests on mortars after 3 and 7 days of curing at 65°C. All alkali-activated mortars showed an increase in compressive strength from 3 to 7 days of curing.
Results for Section 1: determination of the optimum SiO 2 /K 2 O ratio
It was noted that S1-50/50 and S2-50/50 showed significantly lower values compared to S3-50/50 and strength was observed following thermal treatment, suggesting that these cement products are stable (probably no zeolitic structure was formed). Certainly, the presence of potassium cations as the activating agent favored the stability of the gel structure [36] . Table 3 summarizes the mass losses assessed by TGA studies on pastes after 3 and 7 days of curing at 65°C; the DTG curves are shown in Figure 4 . Mass loss between 100-200°C is related to the dehydration of alkali-activated products [37] . First, it was noted that S2-50/50 presented the lowest mass loss for both curing ages; this behavior agrees with the differences found in compressive strength development. The alkali-activated mixture S1-50/50 presented lower mass loss compared to S3-50/50 and S4-50/50 after 3 days of curing, but the results after 7 days of curing showed similar values for the three mixtures. Despite similar mass losses for S1-50/50, S3-50/50 and S4-50/50, it was noted that the temperature peaks in the DTG curves were very different (see Table 3 and Figure 4 ). Thus, S1-50/50 showed the highest temperature peak (150°C after 3 days of curing and 144°C for 7 days), and an additional shoulder appeared at higher temperature (180 to 200°C). The gel characterized for the S3-50/50 and S4-50/50 mixtures was different because the temperature peak moved to lower values, i.e. 134°C and 137°C, respectively, after 3 days, while both presented a peak at 136°C after 7 days of curing.
Only the mixtures S1-50/50 and S2-50/50 increased their mass loss from 3 to 7 days of curing, whereas S3-50/50 and S4-50/50 practically remained constant. For these last two mixtures, no direct relationship between mass change and strength development was found. This means that the polymerization of SiO 4 and AlO 4 tetrahedra that enhanced mechanical properties did not promote an increase in the total combined water. In general terms, related to pH and electrical conductivity studies, pastes with lower values in these tests presented higher compressive strength as mortars. It is likely that the increase in polymerization produced more ion linking and, consequently, strength development was enhanced.
The XRD patterns of pastes after 7 days of curing at 65°C are shown in Figure 5 together with those of the raw materials, FA and SCBA. In all pastes, a deviation of the baseline between 23 and 35° was observed, which represents the amorphous phase of the alkali-activated reaction products. These products were amorphous, and the peaks shown in the XRD patterns were attributed to the raw materials. The No zeolites were formed in the activation process using the tested solutions. In the raw materials, the amorphous phase was identified as a baseline deviation between 15 and 30°. These amorphous phases were transformed during the alkaline activation reaction, and the gels formed showed a shift of the baseline deviation between 23 and 35°. This behavior is typical for the transformation of an amorphous raw material into a gel during the activation process [9, 38] . better mechanical properties compared to S1 and S2, whereas, when compared to S4, it presented similar compressive strength with less consumption of potassium silicate. It is important to note that this type of reagent, alkali silicate, is the most expensive component of the mixture and it has an important carbon footprint [39] . Therefore, it has been demonstrated that mixing both ashes, FA and SCBA, allows for producing good binding materials. We thus decided to develop FA/SCBA systems with appropriate mechanical properties at room temperature.
Results for Section 2: determination of the optimum FA/SCBA proportion
In this section, different FA/SCBA proportions were assessed: 75/25, 50/50 and 25/75. These mixtures were activated by using solution S3, with a SiO 2 /K 2 O molar ratio of 0.75, cured at room temperature and 65ºC.
The FTIR spectra of pastes after 3 and 7 days of curing at 65°C are shown in Figure 6 . The mass losses from the TGA studies on pastes are summarized in Table 4 for curing at 65°C and Table   5 for curing at room temperature, whereas the DTG curves are shown in Figure 7 . For pastes cured at a temperature of 65°C, Table 4 shows that the mass loss was practically maintained from 3 to 7 days of curing, confirmed by the DTG curves in Figure 7a . In addition, the temperature peaks in the DTG curves did not shift with the curing age. However, interestingly, there was an important change in the temperature distribution of the mass loss. Thus, the mass losses in the range 35-200ºC (L 35-200 ) and 200-550ºC (L 200-550 ) were compared, and a τ ratio is proposed, which was calculated using these mass losses as In general terms, a similar trend was observed for samples cured at room temperature. Interestingly, after 7 days of curing time at room temperature, the τ value was the range of 2.67-4.05, which means that the combined water mainly consisted of water molecules bonded through molecular bonding. For the longest curing time, at 270 days, the τ values were significantly lower, in the range of 0.57-0.59, meaning that most water molecules released by heating were produced from the condensation of silanol and aluminol units. In this case, a large shift in the temperature peak was observed for all tested pastes when the curing time was increased. The XRD patterns of pastes are shown in Figure 8 and Figure 9 for curing at 65°C and room temperature, respectively. For all X-ray diffractograms, a deviation in the baseline was observed between 23 and 35° due to the amorphous phase related to the alkali-activated products. A similar halo was described in Section 1, and the influence of the FA/SCBA ratio and curing temperature was negligible. In addition, the crystalline phases of FA and SCBA were maintained in the XRD pattern of S3 pastes. Once again, no zeolites from the alkali-activated reaction were observed in these patterns. The results of pH and electrical conductivity studies are shown in Figure 10a and Figure10c for pastes cured at 65°C, and in Figure 10b and Figure 10d for pastes cured at room temperature. It was noted that, for all mixtures, the pH and electrical conductivity decreased with curing time. This result was expected, since there was a lower concentration of OH -and other ions in the pore solution due to the alkali activation process. For the pastes cured at 65°C, S3-75/25 showed the lowest value for both pH and electrical conductivity after 7 days of curing. From 7 to 28 days of curing at room temperature, the pH presented a slight decrease, although the pastes presented a reduction in the OH -concentration of 59-75%.
In the same way, the electrical conductivity of pastes also decreased by 43%. The decreases in pH and electrical conductivity from 7 to 28 days were greater for the S3-25/75 mixture; this behavior suggests that the reaction early in the aging progressed more quickly in the presence of a high amount of SCBA.
From 28 to 270 days, the decrease in pH values was considerable, reaching around 11. This means that the OH -concentration of pastes was very low (96% of OH -anions were reacted), suggesting that most of the OH -ions were bonded to the gel structure as silanol groups, as shown in the TGA studies. Finally, a significant decrease in electrical conductivity values was also observed in the period from 28-270 days. In this case, the lowest value was found for the S3-75/25 mixture, suggesting that for long curing times, the reactivity of fly ash contributed strongly to the reaction. temperature were compared to those cured at 65°C, it was noted that the specimens cured at the highest temperature for 7 days presented 90% of the compressive strength of the mortars cured at room temperature for 270 days. This difference could be attributed to the different nature of the combined water in the gel structure, as can be seen in the τ values for both curing conditions (see Table 4 and Table 5 ). MIP studies were carried out on the mortars after 3 days of curing at 65°C (Table 6 ) and after 270 days at room temperature (Table 7) , and for pastes, after 270 days of curing at room temperature (Table 8) . First, for mortars cured for 3 days at 65ºC, a higher amount of SCBA in the mixture caused an increase in total porosity. S3-75/25 showed the lowest pore volume for macropores (>1 µm) and for capillary pores (1 µm-10 nm), which agrees with the mechanical properties. The volume of mesopores (<10 nm) was very low for all tested mixtures. In addition, in terms of Hg retained, S3-50/50 presented the highest value, followed by S3-75/25 and S3-25/75, suggesting the former presented a higher degree of tortuosity.
For mortars cured after 270 days at room temperature, total porosity values were similar to those found in samples cured at 65ºC. S3-50/50 and S3-25/75 showed lower slightly values of total porosity, whereas S3-75/25 showed higher porosity. The Hg retained in samples cured at room temperature presented lower values than samples cured at 65ºC, suggesting that tortuosity was greater with an increase in curing temperature. In samples cured at room temperature, the pore volume related to macropores was significantly lower than that found at 65ºC; the development of the matrix at the lowest curing temperature yielded a better distribution of the formed gel. This behavior produced an increase in the smallest capillary pores (50 nm-10 nm). The mesopore volume did not vary with respect to the 65ºC curing condition. It is likely that better mechanical development for samples cured at room temperature could be attributed to changes in macropores and capillary pores.
Comparing the pore volume distribution between paste and mortar samples cured at room temperature, relative pore volume values were calculated and are depicted in Figure 12 
